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ABSTRACT Transition metal oxide memristors, or resistive random-access memory (RRAM) switches, are under intense 
development for storage-class memory because of their favorable operating power, endurance, speed, and density. Their 
commercial deployment critically depends on predictive compact models based on understanding nanoscale physico-
chemical forces, which remains elusive and controversial owing to the difficulties in directly observing atomic motions 
during resistive switching, Here, using scanning transmission synchrotron x-ray spectromicroscopy to study in-situ switching 
of hafnium oxide memristors, we directly observed the formation of a localized oxygen-deficiency-derived conductive 
channel surrounded by a low-conductivity ring of excess oxygen. Subsequent thermal annealing homogenized the 
segregated oxygen, resetting the cells towards their as-grown resistance state. We show that the formation and dissolution 
of the conduction channel are successfully modeled by radial thermophoresis and Fick diffusion of oxygen atoms driven by 
Joule heating. This confirmation and quantification of two opposing nanoscale radial forces that affect bipolar memristor 
switching are important components for any future physics-based compact model for the electronic switching of these 
devices. 
Keywords: Memristors, thermophoresis, operating mechanism, oxygen migration, filament. 
The recent surge in technological and commercial interest in 
transition-metal-oxide memristors, especially those utilizing 
hafnium oxide as the switching material, is accompanied by 
urgent efforts to formulate a compact predictive model of 
their behavior in large-scale integrated circuits.1-9 Several 
efforts in this direction include first-principles and analytical 
modeling,8,10,11 materials characterization,2,12,13 and circuit 
characterization and modeling.14,15 The resultant models are 
incomplete and controversial owing to a lack of 
understanding of the nanoscale physico-chemical forces that 
determine atomic motions during switching, particularly 
with regard to the presence and sign of temperature-
gradient-driven thermophoresis of oxygen atoms, and 
quantification of the concentration-gradient-driven Fick 
diffusion.7,8,11,16,17 Direct in-situ and in-operando studies of 
localized atomic motion during memristor switching can 
resolve these issues and improve our modeling, but such 
observations face steep experimental challenges due to the 
extremely high resolution and sensitivity required to detect 
atomic motions inside a functioning cell.2,4,18,19 
In order to non-destructively study the chemical and position 
changes associated with oxygen atoms during memristor 
operation, we utilized a synchrotron-based scanning 
transmission x-ray microscopy (STXM) system tuned to the O 
K-edge with a spatial resolution of <31 nm and a spectral 
resolution of ~70 meV.20 We analyzed a prototype device 
that had only one oxide layer to permit an unambiguous 
analysis of the results. To enable x-ray transmission 
experiments, operational memristor cells for this study were 
fabricated on top of 200 nm silicon nitride films suspended 
over holes etched into an underlying silicon wafer. The 
crosspoint cells were 2 µm x 2 µm in lateral dimension while 
the film stack within the crosspoint was (bottom to top) Pt 
(15 nm)/ HfO2 (5 nm)/ Hf (15 nm)/ Pt (15 nm), with the HfO2 
as the switching layer, Hf acting as a reactive electrode and 
the Pt layers as the contact electrodes (Figure 1a).21 A HfOx 
film within a cell that had not been operated was 
characterized by the O K-edge spectrum in Figure 1b, which 
displays a typical HfOx absorption spectrum with the 
component bands (eg and t2g) marked.1  The slight shift of the 
conduction band edge of the hafnium oxide in a cell with 
respect to that of the as-grown material may indicate a small 
amount of reduction after the Hf layer was deposited.  
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Figure 1: Schematic illustration of the experiment and oxide film 
spectra. (a) Drawing of the crosspoint cell geometry fabricated on 
top of a silicon nitride membrane. The measurement scheme using 
focused x-rays is also depicted. A magnified schematic cross-
section of the material stack within the crosspoint cell is also 
shown. (b) X-ray absorption spectra of as-grown HfO2 (outside a 
cell stack) and that of HfOx within an un-operated cell stack, in 
contact with the Hf reactive electrode. The main component 
conduction bands are identified. 
RESULTS AND DISCUSSIONS 
The electrical operation of a cell (Figure 2a) involved 
accessing high (OFF) and low (ON) non-volatile resistance 
states using bipolar voltage sweeps. The first switching of the 
cell from its native high resistance state to a low resistance 
state (forming) involved a higher voltage amplitude relative 
to the subsequent switching behavior. Following the ON-OFF 
switching cycles displayed in Figure 2a, the cell was imaged 
utilizing several x-ray energies near the O K-edge in the STXM 
(570 eV post-edge image in Figure 2b) and revealed a 
localized region of non-uniform contrast that was absent 
before operation of the cell (see Supporting Information). A 
magnified region of the image (Figure 2c) reveals a relatively 
dark ring surrounding a relatively bright center. In the 
spectra obtained from the dark ring and the bright region 
(Figure 2d), the absorption intensity of the post-K-edge 
spectral region (>545 eV) revealed a 3-5% higher oxygen 
concentration in the ring and 3-5% lower oxygen 
concentration in the bright region, both relative to the as-
grown film (see Supporting Information for details). The 
spectral feature at ~531 eV (below the lowest HfOx 
conduction band, eg) within the oxygen-deficient region has 
been consistently assigned to oxygen vacancies, which 
create sub-gap defect states that provide enhanced 
electrical conductivity.1,22-24 The bump in the spectrum at 
~536 eV within the oxygen-rich dark region has been 
identified as bonds involving interstitial oxygen, previously 
conjectured as superoxide species.25-27 Here, given that the 
as-grown HfO2 lacked long-range order, we term these 
vacancy-like and interstitial-like defects as oxygen 
deficiencies and excess, respectively. For better 
visualization, using the relative positions of the unoccupied 
energy levels of the deficiencies and excess, we display 
schematic band diagrams of the two regions (on-ring and 
inside ring), that depict the conductivity enhancement due 
to the sub-gap defect states in the oxygen deficient region. 
In order to map the relative oxygen concentration across the 
cell, we calculated the logarithmic ratio of images obtained 
at a pre-O K-edge energy (522 eV) and at a post-O K-edge 
energy (570 eV) (Figure 2f). This plot should remove any 
physical distortions to the cell that may occur not related to 
the oxygen displacement, for example warping of the 
electrodes by Joule heating during the switching (which in 
any case was negligible for the prototype devices reported 
here; see Figure S17). 
The radial segregation of oxygen can be explained by 
outward migration of oxygen atoms along the large 
temperature gradient created by Joule heating in an initial 
electronic percolation pathway created during cell ‘forming’, 
resulting in a steady-state oxygen-deficient conductive 
channel surrounded by a concentric oxygen excess region.  
Since the oxide was amorphous, it is possible that there was 
a small concentration of pre-existing weakly bonded oxygen 
that was significantly more mobile than oxygen in a single 
crystal (see Supporting Information), and it was this oxygen 
that was dislodged from the region that became deficient 
and transported to the ring of excess oxygen.  The STXM 
images are not sensitive to axial oxygen displacement. The 
Strukov model16 describes this process as the steady state 
resulting from two opposing radial forces on oxygen atoms, 
namely, temperature-gradient-driven thermophoresis 
originating from the Joule heating within the channel 
(directed outward from the channel to lower temperature), 
and concentration-gradient-driven Fick diffusion from the 
ring to regions with lower O concentration. The resulting 
oxygen segregation is ‘frozen’ in place upon withdrawal of 
current and rapid cooling to ambient temperature, thus 
enabling non-volatile information storage. 
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Figure 2: Cell switching and conduction channel formation. (a) 
Electrical switching of the resistance of the cell upon application of 
a voltage ramp. Blue curve labeled ‘Forming’ was the first switching 
event followed by the blue curve in the negative voltage range. The 
red curves show subsequent switching events between high (OFF) 
and low (ON) resistance states. The ‘Forming’ curve is shown in a 
logarithmic scale in the inset, with a common x-axis as the main 
panel. The flat curve (‘CC’) is the current compliance of the 
measurement setup. (b) X-ray transmission intensity map of the 
same crosspoint cell under study at an energy of 570 eV. Top 
electrode (TE) and bottom electrode (BE) on which the voltages 
were applied are marked. The region with a ring-like feature is 
shown in a separate magnified x-ray map in (c). (d) O K-edge 
spectra of the dark ring-like feature seen in (c) and of the bright 
central region within the feature are both substantially different 
from the spectra in Figure 1(b). DO corresponds to a sub-band 
indicating the presence of oxygen deficiencies within the central 
bright region and EO corresponds to a sub-band indicating the 
presence of oxygen excess on the dark ring-like feature. The O 
concentration difference between the two regions is also apparent 
in the post-absorption-edge region (>545 eV). (e) Schematic band 
diagrams of the two regions (on ring and inside ring) following the 
data in (d). EV, EC and EF refer to energy levels of the valence band, 
conduction band and Fermi level, respectively, while EDo and EEo 
refer to the energy levels of unoccupied antibonding orbitals 
originating from oxygen deficiencies and excess, respectively. The 
presence of EEo well above EC explains why excess oxygen does not 
enhance electrical conductivity, whereas the sub-band-gap states 
of EDo contribute to enhanced electrical conduction. (f) Logarithmic 
ratio of x-ray maps obtained at 522 eV and 570 eV, representing 
variations in oxygen concentration (red color is lowest 
concentration). (g) Simulated steady-state oxygen concentration 
map resulting from the competition between thermophoresis and 
Fick diffusion. 
To model the experimental results, we solved the continuity 
equation 𝜕𝑛𝐷/𝜕𝑡 = ∇. 𝐽𝐹𝑖𝑐𝑘 + ∇. 𝐽𝑡ℎ𝑒𝑟𝑚𝑜𝑝ℎ𝑜𝑟𝑒𝑠𝑖𝑠, where nD 
is the oxygen deficiency concentration, and JFick and 
Jthermophoresis are atomic fluxes due to Fick diffusion and 
thermophoresis, respectively, using a calculated steady-
state temperature profile produced by Joule heating.16,19  
Both JFick and Jthermophoresis are proportional to the diffusivity 
D=D0e(-Ea/kT), where k is the Boltzmann constant and T is the 
absolute temperature. We chose compatible activation 
energies Ea and diffusion constants D0 from a set of non-
unique values that can reasonably reproduce the ring 
formation in a given time (details in Supporting Information). 
The resultant steady state concentration profile (Figure 2g) 
is in fair agreement with experimental data (Figure 2f), which 
displays both distortion and fluctuation compared to the 
ideal simulation. This observation reaffirms the presence of 
radial thermophoresis and its direction (sign), both of which 
have been debated recently7,8,11,17,19 following the original 
theoretical prediction of the effect.16  This observation is also 
consistent with prior literature on topographical changes in 
TiOx memristors, where electroforming always left a round 
crater with a pillar in the center, the pillar being most likely 
the initial conducting/heating channel, from which radial 
temperature and O concentrations are formed.28 In order to 
completely understand the physics of the switching 
behavior, a fully 3-dimensional temporal simulation with 
coupled electric-field, thermal and diffusion effects8,11 is 
required, although this is not necessary for an acceptable 
predictive compact model sufficient for electronic circuit 
analysis. 
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In order to determine if the steady-state segregation of 
oxygen could be reversed by accelerating Fick diffusion at 
elevated temperatures (in the absence of an applied 
voltage), we annealed the same memristor at an ambient 
temperature of 200 OC for 75 minutes in nitrogen gas. STXM 
maps of the annealed cell (Figures 3a-3b) obtained using 
identical mapping parameters as those in Figure 2b-2c do not 
display the dark ring with the bright center seen before. The 
spectral signatures of the regions where the oxygen 
deficiency and excess regions were previously located show 
only minor differences from each other and are both similar 
to the as-grown film spectrum (Figure 1b). The dark elliptical 
contrast in Figures 3a-3b was confirmed to be carbon 
deposition on the electrodes due to the prior x-ray exposure, 
which did not affect the oxide film within the cell. 
Experimental measurements showed the oxygen 
concentration in this region to be uniform, while a simulation 
of Fick diffusion using the experimental annealing conditions 
reproduced the complete homogenization of oxygen 
segregation (Figure S9). Following the thermal annealing, the 
cell was electrically operated again, during which it exhibited 
a relatively high-voltage ‘forming’ step followed by ON-OFF 
switching, both similar to those exhibited by the cell before 
annealing. This further demonstrates that the 
homogenization of oxygen concentration drove the cell back 
to its native state before operation, and that the spatial 
separation of the oxygen deficient and excess regions in the 
oxide is a thermodynamically metastable state.  
We further studied the temporal evolution of the electrical 
behavior of a cell during annealing, for which we ‘formed’ a 
fresh cell identical to the one studied using STXM, and 
annealed it under similar conditions as used before.  The 
resistance (measured at room temperature) gradually 
increased with annealing time and saturated at about 1013 Ω 
(Figure 4). To estimate Ea, we defined a time for relaxation, 
tf, as the time required for the resistance of a ‘formed’ cell 
(<10 kΩ) to exceed 200 GΩ upon annealing, and we assumed 
that the diffusivity D ∝ 1/tf.  A plot of ln(1/tf) against 1/T for 
different temperatures yielded a straight line  slope with 
Ea=0.71±0.02 eV, consistent with a theoretically predicted Ea 
for dissolution of a conductive channel.21  The diffusion 
parameters for formation and dissolution of a channel may 
be different (see Supporting Information for a 
discussion).19,29,30  
 
 
Figure 3: Conduction channel dissolution and electrical behavior. (a-
b) X-ray transmission intensity map of the same crosspoint cell 
under study at an energy of 570 eV after annealing at 200 °C for 75 
minutes. The dark region was spectrally confirmed to be carbon 
deposited on top of the electrode from the earlier x-ray exposure 
in a moderate vacuum environment. (c) O K-edge spectra of the 
previous locations of the ring-like feature and the center of the 
ring. There are no significant differences between the spectra and 
they are very similar to those of as-deposited films in Figure 1(b). 
(d) Electrical behavior of the cell, measured and plotted in an 
identical way as in Figure 2a. Black curves are the first two 
switching events with the ‘Forming’ curve being the first of them. 
The ‘Forming’ curve is plotted on a logarithmic scale in the inset, 
with a common x-axis as the main panel. The ‘Forming’ curve from 
Figure 2a is reproduced (in blue) for comparison of the previous 
state of the cell. 
CONCLUSIONS 
In TaOx memristors, we have recently observed conduction 
channels similar in size and oxygen composition to those 
observed here using similar characterization techniques.19 
-2 -1 0 1
-400
-300
-200
-100
0
100
200
'Forming'
C
u
rr
e
n
t 
(
A
)
Voltage (V)
ON
OFF
0 1 2
10
-11
10
-8
10
-5
C
u
rr
e
n
t 
(A
)
X
-r
ay
 in
te
n
si
ty
 (
a.
u
.)
TE
BE 2
µ
m
300 nm
I570 eV(a) (b)
530 535 540 545 550
0.0
0.1
0.2
X
-r
a
y
 a
b
s
o
rp
ti
o
n
 (
a
.u
.)
Energy (eV)
Uniform O conc. 
eg t2g
O K-edge
(c)
(d)
5 
 
 
Figure 4: Temporal evolution of resistance during annealing.  
Evolution of the cell resistance for several different cells annealed 
at three different temperatures for about an hour measured at 
~0.5 V. GO refers to the quantum conductance. Rf is the defined 
resistance threshold for a formed cell to return to its native state. 
Inset is a plot of ln(1/tf) against 1/T, whose slope corresponds to 
Ea=0.71±0.02 eV. 
Although the TaOx cells were similar in construction and 
behavior to our HfOx cells, achieving similar local oxygen 
segregation required much higher power/energy levels, i.e. 
~105 5 V pulses (~7 mW) for TaOx compared to a single <2.5 
V voltage sweep (<1 mW) in HfOx. In addition, low power (~1 
mW) switching of TaOx memristors led to uniform material 
changes instead of a localized channel formation.18 There is 
also evidence in the literature that the activation energy for 
oxygen diffusion in TaOx is higher than that in HfOx.31 This 
highlights that oxygen migration is significantly different 
between these two switching oxides, which is an important 
consideration for material selection and predictive modeling 
of memristive systems. This also is possibly the origin of a 
trade-off between retention time and switching power 
between the TaOx and HfOx.32 
In conclusion, using STXM to examine operating HfOx 
memristor cells, we directly observed conduction channel 
formation after electroforming and switching by localized 
radial oxygen migration, and successfully modeled the 
phenomenon by the competition between thermophoresis 
and Fick diffusion.  After thermal annealing, we reset the 
resistance of the cell back to its native state and observed 
that the conduction channel and accompanying ring of 
excess oxygen had disappeared. We re-affirmed the 
presence and the direction/sign of thermophoresis as a 
critical feature during transition-metal-oxide memristor 
operation and temperature as a necessary state parameter 
or variable in any future compact models.    
METHODS 
HfO2 was grown using Tetrakis(dimethylamido)hafnium 
(TDMA-Hf) and water as precursors at 200 OC, using a 
Cambridge Nanotech Fiji ALD system. The pulse time for 
TDMA-Hf and water were 0.25 s and 0.06 s, respectively, and 
N2 purge time between pulses was 15 s. 50 cycles of ALD 
were performed and ellipsometry measurement indicated 
HfO2 thickness of 5 nm. Bottom electrode Pt was evaporated, 
reactive electrode Hf was sputtered deposited and top 
electrode Pt was sputter deposited. Electrodes were defined 
by photolithography. The as-deposited film was found to be 
stoichiometric HfO2 that was mostly amorphous. After 
depositing a reactive top electrode (Hf), it is very likely that 
the HfO2 was slightly reduced at the expense of oxidation of 
the Hf electrode.  
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